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Allyl isothiocyanate (AITC) occurs in cruciferous vegetables
that are commonly consumed by humans and has been shown to
inhibit urinary bladder cancer growth and progression in pre-
vious preclinical studies. However, AITC does not significantly
modulate cyclooxygenase-2 (Cox-2), whose oncogenic activity
has been well documented in bladder cancer and other cancers.
Celecoxib is a selective Cox-2 inhibitor and has been widely used
for treatment of several diseases. Celecoxib has also been evalu-
ated in bladder cancer patients, but its efficacy against blad-
der cancer as a single agent remains unclear. In a syngeneic rat
model of orthotopic bladder cancer, treatment of the animals
with the combination of AITC and celecoxib at low dose levels
(AITC at 1mg/kg and celecoxib at 10 mg/kg) led to increased
or perhaps synergistic inhibition of bladder cancer growth and
muscle invasion, compared with each agent used alone. The com-
bination regime was also more effective than each single agent
in inhibiting microvessel formation and stimulating microves-
sel maturation in the tumor tissues. The anticancer efficacy of
the combination regime was associated with depletion of pros-
taglandin E2, a key downstream signaling molecule of Cox-2,
caspase activation and downregulation of vascular endothelial
growth factor in the tumor tissues. These data show that AITC
and celecoxib complement each other for inhibition of bladder
cancer and provide a novel combination approach for potential
use for prevention or treatment of human bladder cancer.

Introduction

Allyl isothiocyanate (AITC) is a phytochemical known to possess
antimicrobial and anticancer activities (1). It occurs in many cru-
ciferous vegetables, which are commonly consumed by humans,
such as Brussels sprouts, cabbage, cauliflower and kale, and is par-
ticularly abundant in mustard, horseradish and wasabi. In fact, AITC
is mainly responsible for the pungent tastes of these vegetables. In
plants, AITC is synthesized and stored as a glucosinolate (sinigrin)
and is generated upon sinigrin hydrolysis by coexisting myrosinase,
which, under normal circumstance, is physically segregated from
its substrate (1). Myrosinase activity is also present in the intestinal
microflora in animals and humans, and sinigrin that escapes the action
of plant myrosinase may be converted to AITC in vivo (2), although
our recent study indicates that <10% of orally dosed sinigrin is con-
verted to AITC in F344 rats (3). In vivo, AITC is rapidly metabolized
through the mercapturic acid pathway, and the metabolites, mainly the
N-acetylcysteine conjugate, are disposed almost exclusively in urine
(1). Many lines of evidence suggest that AITC is a highly promising
agent for bladder cancer prevention and treatment as discussed below.

Abbreviations: AITC,allylisothiocyanate; Cox-2, cyclooxygenase-2; ELISA,
enzyme-linked immunosorbent assay; PBS/T, phosphate-buffered saline with
Tween 20; PGE,, prostaglandin E,; SMA, a-smooth muscle actin; VEGF, vas-
cular endothelial growth factor; VMI, vascular maturation index.

First, the biological activities of AITC metabolites, including the
N-acetylcysteine conjugate, which are believed to serve as carriers of
AITC, resemble that of the parent compound (4,5). Second, not only
is the bioavailability of AITC extremely high—more than 90% of an
oral dose is absorbed—but also nearly 80% of orally dosed AITC is
disposed in urine within 24 h (6-8), rendering the bladder perhaps the
most exposed organ to AITC. Indeed, we have shown that concentra-
tions of AITC equivalent are two to four orders of magnitude higher
in the urine than in the blood in rats dosed orally with AITC (9,10).
Thus, orally administered AITC is selectively delivered to bladder
via urinary excretion. Third, we have shown that orally administered
AITC, AITC-rich mustard seed powder or the N-acetylcysteine conju-
gate of AITC each inhibited bladder cancer growth and muscle inva-
sion in an orthotopic rat bladder cancer model (3,9,10). Finally, given
that bladder cancer originates predominately from the epithelial cells
in the inner surface, intravesical drug delivery is a desirable approach
in order to avoid or reduce systemic side effects of the drug. Indeed,
all agents that are currently used to prevent recurrence of non-muscle
invasive bladder cancer, e.g. Bacillus Calmette—Guerin (a live attenu-
ated form of Mycobacterium bovis), are delivered intravesically via
a urethral catheter. Importantly, intravesical delivery of AITC can be
achieved by oral administration, thereby eliminating the need for ure-
thral catheterization.

Our recent work has also revealed insight into the mechanism by
which AITC targets cancer cells. We have shown that AITC pro-
motes ubiquitination and degradation of a- and -tubulin by bind-
ing to their cysteine residues and arrests cells in mitosis, which in
turn leads to cell death by mitotic catastrophe through the mitochon-
drion-mediated apoptotic pathway via Bcl-2 phosphorylation (11).
AITC is a new class of mitotic blocker, as its mechanism of action
differs from that of taxol and vinblastine; the latter compounds work
by modulating tubulin polymer stability. However, as shown in the
present study, AITC does not modulate cyclooxygenase-2 (Cox-2).
Cox-2 catalyzes the rate-limiting reactions in prostaglandin biosyn-
thesis and is a well-known oncogene in a wide variety of cancers,
including bladder cancer (12,13). Cox-2 expression was also found
to be significantly associated with bladder cancer recurrence and
progression (14,15). In animal models of bladder cancer, tumor
growth could be significantly inhibited by Cox-2 inhibitors (16-20).
Therefore, we hypothesized that combination of AITC with a Cox-2
inhibitor might lead to better outcome for inhibition of bladder
cancer than AITC alone. Celecoxib, a well-known selective Cox-
2 inhibitor, was chosen to test our hypothesis. Celecoxib has been
evaluated in bladder cancer patients in clinical trials, but its efficacy
as a single agent for bladder cancer prevention or treatment remains
uncertain (21-23). Our present study shows that the combination
of AITC with celecoxib at low dose levels causes strong inhibition
of bladder cancer and is more effective than each agent used alone.

Materials and methods

Chemicals

AITC, thiazolyl blue tetrazolium bromide and soy oil were purchased from
Sigma. AITC was redistilled before use. Celecoxib was purchased from LKT
Laboratories.

Cell culture and cell proliferation assay

Rat bladder cancer cell line AY-27, which was originally established from
a bladder cancer in F344 rat (24), was provided by Dr R.B.Moore at the
University of Alberta in Canada. AY-27 cells were cultured as described pre-
viously (9). The effects of AITC and/or celecoxib on cell proliferation were
measured using a previously published protocol (9). Briefly, AY-27 cells were
grown in 96-well plates in the presence or absence of the test compound for
72h, followed by measurement of cell density by the thiazolyl blue tetrazolium
bromide-based MTT assay.
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Animals and a syngeneic orthotopic model of bladder cancer

The anticancer activities of celecoxib and/or AITC were evaluated in a rat
orthotopic model of bladder cancer, as recently described (9). Briefly, female
F344 rats (Harlan) at 9-10 weeks of age were anesthetized with ketamine and
xylazine; next, their urinary bladders were treated via a catheter with 0.4 ml of
0.1 N HCl for 15 s, neutralized immediately with 0.4 ml of 0.1 N KOH for 15
s and washed afterwards with 0.9% saline. Each bladder was then instilled via
a catheter with 1 x 10° AY-27 cells in 0.5 ml serum-free medium, which was
kept in the bladder for 1h. The rats were then randomly assigned to different
experimental groups, and all treatments were initiated 1 day after cancer cell
inoculation and continued for 21 days. AITC was freshly dissolved in soy oil,
whereas celecoxib was first dissolved in a small amount of dimethyl sulfoxide
and then diluted in soy oil (the final concentration of dimethyl sulfoxide was
7.5% by volume). Each agent was given orally in 0.5ml volume per 150¢g
body weight. In rats that were treated with both AITC and celecoxib, the two
agents were administered 5h apart. The corresponding control rats were also
given the same amount of vehicle. One day after the last treatment, the ani-
mals were euthanized, and the bladders were removed and weighed. Half of
each bladder was fixed in neutral buffered 10% formalin (EMD Chemical) or
in IHC Zinc Fixative (BD Pharmingen), whereas the other half of each blad-
der was flash frozen and stored at —80°C. The animal protocol was approved
by the Roswell Park Cancer Institute Animal Care and Use Committee.

Measurement of prostaglandin E,, caspase-3, -7, -10 and vascular
endothelial growth factor

For measurement of prostaglandin E, (PGE,), tumor tissues were homoge-
nized in 0.1 M phosphate buffer (pH 7.4), containing 1 mM ethylenediamine-
tetraacetic acid and 10 pM indomethacin at 5mg tissue/ml. The homogenates
were cleared by centrifugation, and the supernatants after further dilution
were analyzed by the PGE, Enzyme Immunoassay kit (Cayman Chemical)
per manufacturer’s instruction. Culture media were diluted before analysis of
PGE, concentration.

For measurement of caspase activity and vascular endothelial growth fac-
tor (VEGF) level, tumor tissues were homogenized in CasPASE lysis buffer
containing 1 mM ethylenediaminetetraacetic acid as supplied in the CasPASE
Apoptosis Assay kit (G-Biosciences) at 5Smg tissue per 0.1 ml buffer. The
homogenates were cleared by centrifugation, and the supernatants were meas-
ured for caspase-3, -7 and -10 activity using Ac-DEVD-AFC as a substrate per
manufacturer’s instruction. The supernatants were also used for determination
of VEGEF level using the VEGF Rat ELISA kit per manufacturer’s instruction
(Abcam).

Western blot analysis

Cox-2 expression levels in cell lysates and tissue homogenates were measured
by western blotting as described previously (10). Glyceraldehyde-3-phosphate
dehydrogenase was used as a control. Antibodies against Cox-2 (sc-1745) and
glyceraldehyde-3-phosphate dehydrogenase (MAB374) were purchased from
Santa Cruz Biotechnology and Millipore, respectively. Densitometry analy-
sis of protein bands on western blot was performed using the spot density
analysis software provided with the Bio-Rad Molecular Imager Gel Doc XR
system.

Histology, tumor microvessel density and vascular maturation index

For detection of tumor muscle invasion, formalin-fixed tissues were paraffin
embedded, cut at ~4 pm and stained with hematoxylin and eosin. Three sec-
tions of ~10 pm apart from the midsection of each tumor were used to evaluate
tumor muscle invasion. A Nikon 50i light microscope was used for the above
analysis and for the immunohistochemical analyses described below.

Microvessel density was determined by staining CD31 in endothelial
cells. Zinc-fixed specimens were paraffin embedded, cut at 4 pm, placed on
charged slides, dried at 60°C for 1h before being deparaffinized in three
changes of xylene and rehydrated using graded alcohols. Endogenous per-
oxidase was quenched with aqueous 3% hydrogen peroxide for 10 min, fol-
lowed by wash with phosphate-buffered saline with Tween 20 (PBS/T). The
slides were then loaded on a DAKO autostainer where serum-free protein
block (X0909; Dako) was applied for Smin, blown off, and the primary
antibody (anti-CD31, #550300, 1:50 dilution; BD Pharmingen) was applied
for 60 min, followed by a biotinylated secondary goat-anti-mouse antibody
(1:50 dilution; BD Pharmingen) for 30 min. Streptavidin—horseradish per-
oxidase conjugate (43—4323; Invitrogen) was applied for 30 min, followed
by treatment with 3,3'-diaminobenzidine as a chromogen (Dako) for 5 min.
An isotype-matched IgG negative control was used on a duplicate slide at
the same concentration of the primary antibody. Finally, the slides were
counterstained with hematoxylin, dehydrated, cleared and cover slipped.
Microvessel distribution counts were determined by counting all CD31-
positive endothelial cell clusters in multiple high-power fields (x200) cover-
ing the non-necrotic areas of the whole tumor sections.

2594

Immunohistochemical double staining was performed using CD31 and
a-smooth muscle actin (SMA) for detection of endothelial cells and peri-
cytes, respectively. Briefly, ~5 pm cryosections were fixed in cold zinc
fixative (—4°C) for 20 min, followed by endogenous peroxidase quenching
with 3% hydrogen peroxide for 10min. After wash with PBS/T, serum-
free protein block was applied for 5min, followed by 1h incubation with
a rabbit polyclonal SMA antibody (abs5694, 1/200; Abcam) and a bioti-
nylated goat anti-rabbit secondary antibody (1/250; Vector Labs) for 30 min.
Streptavidin—horseradish peroxidase conjugate (43-4323; Invitrogen) was
applied for 30 min, followed by treatment with 3,3'-diaminobenzidine as
a chromogen (Dako) for 5min. After rinsing with PBS/T, the slides were
treated with serum-free protein block for 5min and then incubated with the
above-mentioned CD31 antibody for 60 min, followed by incubation with
the above-mentioned goat anti-mouse secondary antibody for 30 min and
then streptavidin—alkaline phosphatase (#434322; Invitrogen) for 20 min.
After rinsing with PBS/T, the slides were stained with the Fast Red chromo-
gen (#TA-060-AL; Thermo Scientific) for 10min and then counterstained
with hematoxylin. Endothelial cells (CD31) were stained pink, and pericytes
(SMA) were stained brown. Isotype-matched negative controls were used
on duplicate slides at the same concentration of the primary antibodies. For
quantifying vascular maturation index (VMI), snapshots of the x200 high-
power fields were taken under identical setting using a Cannon EOS Digital
Rebel XSi/EOS 450 D camera, followed by quantification of the CD31
pixels and the overlaying SMA pixels using the magic wand tool of Adobe
Photoshop CS3 (Version 10). VMI was calculated based on the total pixels
of CD31* SMA™ areas and the pixels of CD31 in these areas in the double
stained (CD31/SMA) tissue sections. CD31/SMA-based determination of
VMI in tumor tissues has been widely used.

Statistical analysis

For continuous measurements, Student 7-test and analysis of variance were
used for two-group comparison and multigroup comparison, respectively.
Multiple comparisons were adjusted using the Tukey—Kramer test. For
binary measurement, Fisher exact test was used to compare two propor-
tions. All tests were two sided and performed at a nominal significance
level of 0.05, i.e. P value of 0.05 or lower was considered statistically
significant.

Results

The effects of AITC and/or celecoxib on Cox-2, PGE, and cell
proliferation in cultured bladder cancer cells

As mentioned before, in bladder cancer cells, we have shown pre-
viously that AITC modulates multiple cellular targets and causes
mitotic arrest and mitotic catastrophe. However, at the concentra-
tions where AITC was shown to exert the above-described effects and
inhibited cancer cell growth (Figure 1A), it did not significantly mod-
ulate Cox-2 expression (Figure 1B), nor did it significantly impact the
production of PGE, (Figure 1C), a key cancer-related prostaglandin
generated in the Cox-1/Cox-2 pathway of arachidonic acid metabo-
lism. In contrast, as expected, celecoxib, a Cox-2-selective inhibitor,
was highly effective in depleting PGE,, as its level in the medium was
reduced by 91% after treatment of AY-27 cells with celecoxib at 5 pM
for 24h (Figure 1C). Interestingly, inhibition of Cox-2 by celecoxib
and the ensuing decrease in PGE, level did not lead to inhibition of
cell proliferation, as no growth inhibition of AY-27 cells was detected
after treatment with celecoxib at 5 pM for 72h, although, at much
higher concentrations, celecoxib inhibited cell proliferation (ICs,
of 34.1 pM; Figure 1D), which was apparently mediated by a Cox-
2-independent mechanism. A previous study also found that celecoxib
at the concentrations of <25 pM did not inhibit the growth of multiple
human bladder cancer cell lines in culture (20). Consistent with these
results, growth inhibition of AY-27 cells by AITC was not affected
by the addition of 5 pM celecoxib, as the ICy, of AITC in such a
combination (6.1 pM; Figure 1E) was nearly identical to that of AITC
as a single agent (6.2 nuM; Figure 1A). Clearly, in cultured cells,
Cox-2 inhibition by celecoxib does not enhance the growth inhibi-
tory activity of AITC. Prostaglandins are excreted out of cells and
function through G-protein-coupled membrane eicosanoid receptors.
It is possible that excessive dilution of cell-excreted prostaglandins by
the culture medium might have rendered it undetectable of any Cox-
2-mediated effect of celecoxib on cell growth.
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Fig. 1. The effect of AITC and/or celecoxib on AY-27 cell proliferation, Cox-2 expression and PGE, content. (A) Cells were grown in 96-well plates and treated
with AITC for 72h before measurement of cell density by the MTT assay. Each value is mean + SD (n = 8). IC;, was calculated from non-linear regression curve
fit. (B and C) Cells were grown in six-well plates and treated with AITC or celecoxib for 24 h, followed by measurement of Cox-2 level (indicated by the arrow)

in cell lysates by western blotting, using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a loading control (the results are representative of at least three
samples), and medium level of PGE, by an Enzyme Immunoassay kit (each value is mean + SD, n = 3). (D and E) Cells were grown in 96-well plates and treated
with celecoxib or AITC plus celecoxib for 72 h, followed by measurement of cell density by the MTT assay. ICs, was calculated from non-linear regression curve

fit. Each value is mean = SD (n = 8).

Combination of AITC and celecoxib versus a single agent for
inhibition of bladder cancer in vivo

We have shown previously that daily oral administration of AITC
at 1 mg/kg body weight inhibited bladder cancer growth by 30%
in rats inoculated orthotopically with AY-27 cells (9), but Cox-2
expression in the cancer tissues remained unchanged (data not
shown). Despite the lack of a joint effect of the two agents in cul-
tured bladder cancer cells as described above, we thought that com-
bination of AITC and celecoxib might lead to a different outcome
in vivo, as extracellular dilution of cell-excreted prostaglandins is
probably limited. A previous study showed that bladder cancer inci-
dence induced by a chemical carcinogen was significantly reduced
in rats and mice fed with celecoxib in the diet at daily dose of ~30—
40mg/kg body weight (18). A lower but clinically relevant dose of
celecoxib (10 mg/kg) was used in the present study. Thus, female
F344 rats were inoculated with AY-27 cells intravesically via a ure-
thral catheter (1 x 10° cells per rat); daily treatment with vehicle,
AITC (1 mg/kg) and/or celecoxib (10 mg/kg) was initiated the next
day and continued for 3 weeks. Both agents were administered to
the animals via oral intubation, and in the combination group, the
two agents were administered 5h apart in order to avoid potential

direct interaction between them. The animals were killed 24 h after
the last dose, and the bladders were promptly collected. Two con-
trol groups were used: one group of rats were given the vehicle
twice daily, to serve as the control for the two agents evaluated in
combination, as the two agents were given to each animal 5h apart
each day, whereas the second control group of rats were given the
vehicle only once daily to serve as the control for each agent evalu-
ated as single agents. Such a plan also allowed an adequate number
of rats to be inoculated with a single preparation of AY-27 cell sus-
pension in a relatively short period of time to ensure cell viability.
The appearance and behavior of the animals were normal during
the experiments, and their body weight gains over the experimental
period were similar between the controls and the treatment groups
(Figure 2A and B). Average bladder tumor weight was 63% lower
in the rats treated with the combination of AITC and celecoxib
than in the control rats (Figure 2C), and the number of rats bear-
ing muscle-invasive tumor decreased 69% in the combination regi-
men group compared with the control group (Figure 2E). Bladder
tumors in the second control group, with which AITC and celecoxib
were evaluated as a single agent, appear to grow somewhat faster
than that in the first control group (Figure 2D), but the difference
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Fig. 2. Inhibitory effect of AITC and/or celecoxib on bladder cancer
development and progression. Female F344 rats were inoculated
intravesically with AY-27 cells to initiate orthotopic cancer growth. Oral
administration of AITC (1 mg/kg) and/or celecoxib (10 mg/kg) once daily
was started 1 day after cell inoculation and continued for 21 days. Two
control groups were used: one group of rats were given the vehicle twice
daily, to serve as the control for the two agents evaluated in combination,
and the other control group of rats were given the vehicle once daily to serve
as the control for the agents evaluated as single agents.(A and B) The initial
and final body weights. Each value is mean + standard error of the mean
(SEM) (11-16 rats per group). (C and D) Bladder tumor weight, which was
calculated by subtracting the average normal bladder weight (48.4 mg) from
the tumor-bearing bladder weight. Each value is mean + SEM (11-16 rats per
group). (E and F) Percentage of bladder with tumor invasion into the muscle
tissue.

was not statistically significant. Notably, twice as much soy oil was
given to each rat in the first control group. Average tumor weight in
the celecoxib-alone group and AITC-alone group was 17 and 23%
lower, respectively, than in their corresponding control group, but
the relatively large intragroup variation in tumor weight rendered
each inhibition statistically insignificant (Figure 2D). Clearly, the
combination regimen is far more efficacious in inhibiting tumor
growth than each agent used alone. Both celecoxib and AITC also
decreased the number of rats with muscle-invasive tumor by 24
and 49%, respectively (Figure 2F), but these decreases were also
smaller than that in the combination group as described above.
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Fig. 3. Modulation of Cox-2, PGE,, caspase-3, -7 and -10 by AITC and/or
celecoxib in tumor tissues in vivo. Bladder tumors were removed from rats,
which were treated with AITC (1 mg/kg) and/or celecoxib (10 mg/kg) once
daily for 21 days, from which tissue homogenates were prepared for analysis.
(A and B) Western blot analysis of Cox-2 expression, using glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) as a loading control (four to five
tumor specimens per group). Values shown in panel A were calculated based
on densitometry scanning of the Cox-2 bands normalized by the GAPDH
bands. A representative western blot result is shown in panel B. (C) PGE,
measurement by an Enzyme Immunoassay kit (4—11 tumor specimens per
group). (D) Measurement of caspase-3, -7 and -10 activity by enzyme-linked
immunosorbent assay (ELISA 9—12 tumor specimens per group). Each value
is mean + standard error of the mean.

Molecular changes in bladder cancer tissues after treatment
with AITC and/or celecoxib

Preliminary experiments showed that there was not a significant differ-
ence between the two control groups mentioned above with regard to
tumor tissue levels of the molecular parameters evaluated in the pre-
sent study. Also, tumor growth rates between the two control groups
were not statistically different. Thus, a single control group (rats
treated with the vehicle twice daily) is presented for all molecular
measurements, as well as for measurement of tissue microvessel den-
sity and VMI described later. As expected, in rats treated with AITC



at 1 mg/kg or celecoxib at 10mg/kg once daily for 3 weeks, Cox-2
expression in the bladder tumor tissues was not significantly affected
(Figure 3A), as measured by western blotting. A representative west-
ern blot result is shown in Figure 3B. Cox-2 protein levels in the tumor
tissues of rats treated with the combination of AITC and celecoxib
were 39% lower than in the control rats (Figure 3A), albeit not statisti-
cally significant. PGE, levels in the tumor tissues were measured by
an ELISA. Although AITC appears to be totally ineffective on PGE,,
treatments with celecoxib and celecoxib in combination with AITC
were associated with 50 and 61% decreases in PGE, level in the tumor
tissues, respectively, the latter of which was statistically significant
(Figure 3C). These results are consistent with the known ability of
celecoxib to inhibit the catalytic activity of Cox-2 and also suggest that
AITC may enhance the PGE,-lowering effect of celecoxib. Our results
are consistent with a previous study, showing that a dose of 10-50 mg/
kg/day of celecoxib inhibited tissue PGE, production (25).

Caspase activity in the bladder tumor tissues was also measured,
using the CasPASE Apoptosis Assay kit, which detects the combined
activities of caspase-3, -7 and -10. AITC was shown previously to
cause apoptosis of bladder cancer cells via mitochondria-mediated
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activation of caspase-3 (11) but is not known to modulate caspase-7
and -10. Thus, the changes detected by this assay kit may represent
mainly, if not entirely, the effect of AITC on caspase-3. Three weeks
of treatment with AITC (1 mg/kg daily) or celecoxib (10 mg/kg daily)
increased caspase activity in the tumor tissue by 2.6- and 2.9-fold,
respectively, although neither increase was statistically significant
(Figure 3D). Combining AITC with celecoxib (same dose levels and
treatment duration as in the single agent groups) increased the caspase
activity 4.7-fold (Figure 3D), which is statistically significant. The
results suggest that the combination regimen may be more effective
in stimulating apoptosis in the tumor tissues than each agent alone.

Change in tumor vasculature after treatment with AITC and/or
celecoxib

Our previous studies suggest that AITC may inhibit angiogenesis in
bladder tumor tissues in vivo (3,10). On the other hand, Cox-2 was
shown previously to stimulate angiogenesis (26). We examined the
effect of AITC and/or celecoxib on microvessel density in the tumor
tissues. Tumor microvessels were immunostained via endothelial cell
marker CD31 (see Figure 4A-D for representative images). After
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Fig. 4. Effects of AITC and/or celecoxib on tumor tissue microvessel density, VMI and VEGF in vivo. Bladder tumors were removed from rats after treatment
with AITC (1 mg/kg) and/or celecoxib (10 mg/kg) once daily for 21 days. (A-D) Representative images of CD31 staining (brown) in the tumor tissues (arrows
point to selected microvessels; shown at x100 magnification). (E-H) Representative images of double staining of CD31 (pink) and SMA (brown) in the

tumor tissues (arrows point to selected microvessels; shown at X200 magnification). (I) Tumor specimens (five to six specimens per group) were analyzed for
microvessel density, examining up to 48 high-power fields (x200 magnification) per sample. Each value is mean + standard error of the mean (SEM). (J) Tumor
specimens (three specimens per group) were analyzed for VMI, examining up to 16 high-power fields (x200 magnification). Each value is mean + SEM. (K)
Tumor tissue homogenates were prepared and measured for VEGF by ELISA. Each value is mean + SEM (6—14 tumor specimens per group).
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3 weeks of treatment with celecoxib at 10mg/kg or AITC at 1 mg/
kg, tumor tissue microvessel density decreased 46 or 55%, respec-
tively, whereas the combination treatment of the two agents led to
71% decrease in tumor microvessel density (Figure 4I). Thus, AITC,
in combination with celecoxib, was particularly effective in inhib-
iting tumor angiogenesis. Moreover, treatment with AITC and/or
celecoxib also significantly increased tumor tissue vascular matura-
tion (see Figure 4E—H for representative images of the double staining
of endothelial cells and pericytes), and VMI increased 2.4-fold after
treatment with each agent alone and 2.9-fold after the combination
treatment (Figure 4J).

VEGF is well known to play an important role in tumor angio-
genesis. Our previous studies suggest that AITC may downregulate
VEGF in bladder tumor tissues (3,10). Celecoxib has also been
shown to inhibit VEGF expression in bladder tumors (27) and other
tumors (28). When VEGEF level in the bladder tumor tissues was
measured by ELISA in the present study, each agent alone or in
combination was found to lower VEGF level by 30-36%, with the
reduction in the combination group reaching statistical significance
(Figure 4K).

Discussion

Both AITC and celecoxib as single agents showed antitumor activities
in the syngeneic rat orthotopic model of bladder cancer. Similar AITC
efficacy against bladder cancer was shown previously (9). In the present
study, AITC and celecoxib were evaluated at 1 and 10mg/kg, respec-
tively. Whether dose escalation of celecoxib would lead to increased
antitumor efficacy in this model remains to be investigated, but dose
escalation of AITC did not result in increased antitumor efficacy in
our previous study (9). Combination of the two agents resulted in an
increased, perhaps synergistic antitumor effect, inhibiting tumor growth
by 63%, compared with 17% in celecoxib alone and 23% in AITC alone.
The combination regimen also appears to be more effective than each
agent alone with regard to inhibition of tumor muscle invasion, activa-
tion of apoptosis, inhibition of tumor microvessel formation and pro-
motion of tumor vascular maturation. Moreover, although AITC itself
showed no inhibitory activity against Cox-2 and PGE, as expected,
it appears to potentiate the PGE,-lowering activity of celecoxib. It is
also worth noting that tumor vascular normalization has been shown to
result in better intratumoral drug delivery (29,30); our results, therefore,
suggest that AITC and/or celecoxib may be potentially useful for facili-
tating intratumoral delivery of agents currently used in bladder cancer
treatment, such as mitomycin and platinum compounds.

Although the inhibitory mechanism of AITC against bladder can-
cer cells has been well studied as mentioned before, further study is
needed to better understand the anticancer mechanism of celecoxib in
bladder cancer. In cultured AY-27 cells in vitro, celecoxib at the con-
centration that caused marked decrease in PGE, level did not inhibit
cell growth and had no impact on cell growth inhibition by AITC,
but at higher concentrations, celecoxib inhibited cell growth. In vivo,
celecoxib both decreased PGE, level in tumor tissue and exhibited
antitumor activity, especially in combination with AITC. In view of
the in vitro data, it remains a question as to what extent a Cox-2-
dependent mechanism or Cox-2-independent mechanism may account
for the antitumor activity of celecoxib in vivo. The mechanism by
which AITC and celecoxib inhibit microvessel formation and induce
microvessel normalization also requires further investigation. In the
present study, tumor tissue levels of VEGF were reduced 30-36%
after treatment with these agents, and the decrease was statistically
significant in the combination group, suggesting that VEGF may play
an important part in enabling the impact of AITC and celecoxib on
tumor vasculature.

The present study shows that combination of AITC with celecoxib
is more efficacious than each agent alone for inhibition of bladder
cancer. Further evaluation of such a combination is warranted for
potential clinical translation. Our findings also raised the question as
to whether other Cox-2-targeting agents, e.g. aspirin, may also com-
plement AITC for inhibition of bladder cancer. It has been reported
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that celecoxib and certain other Cox-2 inhibitors at high dose levels
may cause cardiovascular toxicity (31-33). Combination with AITC
may allow dose reduction for celecoxib or a similar compound, while
at the same time achieving increased antitumor efficacy. In the present
study, we observed no abnormalities of heart histology and no change
in heart tissue PGE, levels in the rats treated by the combination of
AITC and celecoxib (data not shown). Moreover, since AITC is com-
monly consumed by humans via cruciferous vegetables and certain
Cox-2 inhibitors, e.g. celecoxib and aspirin, are also widely taken
by humans, our present finding suggests a need for epidemiologi-
cal studies on the potential joint effect of the consumption of AITC-
containing cruciferous vegetables and the use of Cox-2 inhibitors on
bladder cancer and other cancers.
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